Use of the Wheeler-Jonas (WJ) equation to predict adsorbate breakthrough for a packed bed of granular activated carbon requires the calculation of the overall adsorption rate constant (k ν ) and the amount adsorbed. These quantities can be calculated from the intercept (A) and slope (B) of a linear fit to the elapsed time as a function of the logarithm of the ratio of the adsorbate concentration (C 0 -C x )/C x based on the breakthrough curve. Because k ν varies with the flow rate (F), numerous measurements at different values of F were performed to find the appropriate value of k ν . One relatively simple method for calculating k ν directly from the WJ equation is presented and the physical meaning of A and B revealed. The key factors that lead to a simplified calculation of k ν are the ratio of the breakthrough time to the equilibrium time (t 0.05 /t 0.50 ) and the ratio of the equilibrium time to the saturation time (t 0.50 /t 0.95 ), both of which remain nearly constant for different values of F, concentration and temperature. Knowledge of k ν , A and B, and their relationships, are very helpful for predicting the breakthrough behaviour of packed bed adsorbents using the WJ equation.
INTRODUCTION
The WJ equation was derived by Wheeler (Wheeler and Robell 1969) to describe the behaviour of the poisoning gas in catalytic reactors and modified by Jonas (Jonas and Svirbely 1972) to study the adsorption of carbon tetrachloride and chloroform onto granular activated carbon (GAC). The modified WJ equation can be used to describe the relationship between t x and the relative concentration of gas at the outlet of the packed bed (C x ) (Wood 2002; Lodewyckx et al. 2004; Busmunrud 1993) . The equation may be written as:
( 1) where W is the mass of GAC and ρ B the packed density of the adsorbate (ρ B = W/V, where V is the volume of the packed bed). (2) where A = qW/(C 0 F) and B = qρ B /(k ν C 0 ). A plot of t x versus ln[(C 0 -C x )/C x ] should give a straight line with an intercept (slope) of A (B) . At this point, q and k ν can be easily calculated as:
(3)
The main objective in applying the WJ model to adsorption processes is to calculate the overall adsorption rate constant (k ν ) and the amount adsorbed (q), so that the breakthrough behaviour of a packed bed adsorbate can be predicted. The quantity k ν is calculated from the intercept (A) and the slope (B) of the linear fit to the elapsed time (t x ) plotted as a function of the logarithm of the ratio of the adsorbate concentration. Because k ν and t x are not constant at different F values, a series of experiments are required which somewhat complicates the calculation of k ν . A host of methods for calculating k ν in a quick and practical manner can be found in the literature. The relationship between k ν and u (the superficial linear velocity in cm/min) may be expressed in three forms: (1) k ν -1 ∝ u -1 , (2) ln k ν ∝ u and (3) k ν ∝ u 0.40-0.75 . Seven of these methods are summarized below.
(1) The Wood-Stampfer method Wood and Stampfer (1993) proposed an apparent adsorption rate constant (k νb , min -1 ) based on the fitting of the results to the following relationship:
In this equation, P e is the molar polarization ratio (cm 3 /mol), I = 8.25 × 10 -4 (min cm)/s and S b = 0.063 -0.0058 ln[(C 0 -C x )/C x ], where C 0 is the equilibrium concentration (ppm) and C x the exit concentration (ppm). Equation (5) implies that (k νb ) -1 ∝ (u) -1 .
(2) The Jonas-Rehrman method Rehrman and Jonas (1974) proposed the following formula to calculate k ν (min -1 ):
where a, b and c are constants. In the limit that (a/b)e -(a + b)cu >>1, then ln k ν ∝ u.
(3) Busmundrud's method After using the WJ equation to study the adsorption of dimethylmethylphosphonate (DMMP) and n-amyl acetate on GAC, where the elution concentration ratio was nearly 100% (C x /C 0 < 100%), Busmundrud (1993) proposed the following simplified formulae: 
This result implies that k ν ∝ u 0.43 or 0.05 .
(4) Wheeler's method During a study of a catalytic reaction (Jonas and Rehrmann 1973, 1974; Emmett 1955) , Wheeler derived a mass-transfer limited value for the adsorption rate constant (k ∞ ). The corresponding relationship is:
where d p is the particle diameter (cm). Equation (8) implies that k ∞ ∝ u 0.50 .
(5) Guo and Lua's method Guo and Lua (2002) proposed a formula for k ν for describing the adsorption of SO 2 onto activated carbon, viz.
This equation is similar to that derived by Busmundrud. According to this relationship, k ν ∝ u 0.68 .
(6) The Lodewyckx-Vansant method Lodewyckx and Vansant (2000) suggested that k ν in the WJ equation could be determined as:
where β = P e /P e ref .
The quantity P e is the molar polarization ratio of the adsorbate (cm 3 /mol) while P e ref is the molar polarization ratio of a reference gas (cm 3 /mol). Their result implies that k ν ∝ u 0.75 .
(7) The Wood-Lodewyckx method From theoretical analysis and a summary of numerous experimental results, Wood and Lodewyckx (2003) advanced the following refinement of the formula for calculating k ν :
where M w is the molecular weight of the adsorbate (g/mol), β the affinity coefficient of the organic vapour (-) and q the adsorption equilibrium capacity (g/g carbon). As with the Lodewyckx-Vansant method, their result implies that k ν ∝ u 0.75 .
These results raise the question as to why so many disparate relationships really exist for a single packed bed containing an adsorbate/adsorbent pair, or whether one formula can describe k ν for all types of adsorbates.
In the present study, the dynamic adsorption of xenon onto granular activated carbon has been explained by the WJ equation, and corresponding values of A and B used to calculate k ν and q based on the breakthrough curve (Zhou et al. 2010a) . However, assigning a physical meaning to A and B is not straightforward. Wood (1994) and Yoon and Nelson (1984) briefly mentioned the intercept A in their publications and equated it to the equilibrium time (t 0.50 ). The physical meaning of B has not been explained to date. Thus, one goal of the present study was to clarify the physical meaning of B from the experimental results.
MATERIALS AND METHODS
The materials and methods employed have been described in detail elsewhere (Zhou et al. 2010b) . A brief description of the same is given here. The experimental set-up consisted of a standard mixed xenon gas supply, pressure transmitters, a granulated activated carbon (GAC) packed bed adsorber, digital flow meter, thermostat water bath and a gas chromatograph (GC, Hewlett Packard model HP6890) fitted with a thermal conductivity detector. The bed depth in the packed column (i.d., 0.80 cm) was 60 cm, giving a bed volume of 30.1 mᐉ and a packed mass of 13.4 g. This packed bed was employed to adsorb xenon from a mixture of xenon and He gas and was placed into the thermostat water bath set at different temperatures (T). The xenon component in the eluted gas was analyzed by means of the GC equipment listed above. The granulated activated carbon was coconut shell type KSO5 (14-28 mesh size; 1.65-0.59 mm particle diameter) purchased from the Shuangxilong Industrial and Trading Co. Ltd., Hainan Province, P. R. China.
The factors affecting the performance of the packed bed were T, C 0 and F. To determine their effect, three series of experiments were performed. Each series consisted of at least six experiments in which one factor was varied while the other two were kept constant. The values of T, C 0 and F employed in the experiments are listed in Table 1 . The variable in Series 1, 2 and 3 was C 0 , F and T, respectively.
THEORY

Improvement of the WJ equation
As mentioned above, according to Wood (1994) and Yoon and Nelson (1984) , A equates to t 0.50 . The WJ equation may therefore be re-written as: (12) from which a plot of t x /t 0.50 versus ln[(C 0 -C x )/C x ] would be linear with a slope of F/(Vk ν ) and an intercept of unity. Replacing t x in equation (12) with t 0.05 (C 0.05 = 0.05 × C 0 ) or t 0.95 (C 0.95 = 0.95 × C 0 ) leads to: (13) or (14) respectively. In these equations, t 0.05 is the breakthrough time (the time when the outlet concentration is 5% of the inlet concentration) and t 0.95 is the saturation time 1.20 ± 0.03 1.18 ± 0.04 outlet concentration is 95% of the inlet concentration). At a fixed value of F, if the ratios t 0.05 /t 0.50 and t 0.50 /t 0.95 remain constant, the value of k ν also remains constant.
The physical interpretation of A and B
The experimental results obtained in this study indicate that A is consistently virtually equal to t 0.50 . Substituting equation (4) into equations (13) and (14), allows B 1 (for t 0.05 ) and B 2 (for t 0.95 ) to be transformed, respectively, into:
and (15) Since B is the average of B 1 and B 2 , it follows that:
This analysis indicates that B may be calculated from the values of t 0.95 and t 0.05 , thereby revealing the physical meaning of B. Hence, in summary, A is related to t 0.50 and B is related to both t 0.05 and t 0.95 .
The physical interpretation of k ν
Inserting A ≈ t 0.50 and equation (16) in equation (4), the following equation for k ν may be obtained:
If the values of F, V, t 0.05 , t 0.50 and t 0.95 are known, k ν may be readily calculated. Furthermore, if the values of t 0.05 /t 0.50 and t 0.50 /t 0.95 are constant, one series of experiments would be sufficient to allow a prediction of k ν for different values of F.
RESULTS AND DISCUSSION
The data obtained for A, B, k ν , q, t 0.50 /t 0.05 and t 0.95 /t 0.50 from the three experimental series studied are listed in Table 1 . These data show that the overall average value of t 0.50 /t 0.05 was 1.18 ± 0.04 while that of t 0.95 /t 0.50 was 1.17 ± 0.04. Since the errors associated with these values were less than 4% of the average values for both ratios, it was concluded that the above listed quantities were independent of F, C 0 and T over the ranges employed in the present study. This behaviour is characteristic of the breakthrough curve, being solely dependent on the adsorbate/adsorbent pair . employed in the packed bed. In addition, because the values of the two above ratios are nearly equal, the breakthrough curves are virtually symmetrical in shape.
To test this assertion, the average values for t 0.50 /t 0.05 and t 0.95 /t 0.50 were also calculated from the data reported by Lau et al. (2004) . In this case, it was found that the average values for t 0.05 /t 0.50 and t 0.50 /t 0.95 were 0.600 ± 0.046 and 0.546 ± 0.022, respectively. The corresponding breakthrough curve for the adsorbate/adsorbent employed by Lau et al. was skewed because the values of the two ratios differed.
Relationship between A and B
Since A and B are both related to t x , it is reasonable to suggest that A and B are themselves related.
Predicted results
Because the average values of t 0.05 /t 0.50 and t 0.50 /t 0.95 are constant, they can be substituted in equation (17) and on substituting A = t 0.50 in equation (4), the relationship between A and B is simplified to:
where X is a constant whose value is listed in Table 2 and B P is the predicted result. Since the value of A is readily obtained, the value of B P may be calculated from equation (18). The difference between the experimental and predicted results may be expressed as Y where Y is given by:
where B P is obtained from the overall average. The values of Y thus calculated are listed in Table 2 . From Table 2 , it is readily seen that the values of Y approach unity and so equation (17) can be used to calculate k ν . However, a major error arises in Series 2 where the variable is the flow rate and, in this case, k ν calculated from equation (17) can only be regarded as a reference value.
Experimental results
The plots of A as a function of B when F is varied (Series 1 in Table 1 ) or when T is varied (Series 3 in Table 1 ) depicted in Figure 1 indicate that A and B are related linearly. Since both A and B are independent of C 0 (Series 1 in Table 1) , these values have not been depicted in Figure 1 . Because A ≈ t 0.50 , B can be easily calculated from Figure 1 for different values of F or T.
Relationship between k ν and A or B
This relationship is given by equation (4). Because the dimensions of k ν are the inverse of those of A and B, it is possible that a relationship between these quantities may exist. At the same values of T and C 0 , k ν increases with increasing F (Series 2 in Table 1 ) while A and B both decrease. As shown in Figure 2 , the relationship between A or B and the reciprocal of k ν was linear.
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Relationship between k ν and F
In this section, the relationship between k ν and F at the same values of T and C 0 is discussed. It is generally accepted that u = F/(Sε), where S is the cross-sectional area and ε is the total porosity. The values of S and ε remain constant for a packed bed, so the relationship between F and k ν is the same as that between F and u. The flow rate, F, is a quantity that is relevant to the properties of a packed bed and can be measured directly, while u must be calculated from F. Thus, F was the variable used in the present study. Four types of fitted lines between k ν and F may be defined from the experimental data. These are discussed in the following sub-sections.
(i) k v , ln(k v ) and F Both k ν and ln(k ν ) vary linearly with F, as shown in Figure 3 . Thus, if F is measured, the value of k ν can be calculated immediately for a given packed bed. (ii) ln(k v ) and ln(F) As shown in Figure 4 , the relationship between ln(k ν ) and ln(F) is linear. This relationship may be expressed as: k ν = 2.33F 0.755 (20) Guo and Lua (2002) and Busmundrud (1993) also report a power-law relationship between k ν and F (or u) for the adsorption of SO 2 and DMMP onto activated carbon, with exponents of 0.68 and 0.43, respectively. Since xenon is an inert gas and we know that the amount adsorbed onto activated carbon is less than that of SO 2 and DMMP under the same conditions, it is possible that the exponent decreases with increasing adsorption capability.
(iii) (k v ) -1 and (F) -1 As reported by Guo and Lua (2002) , an approximate value for the overall mass-transfer resistance [(k ν ) -1 ] can be obtained by combining the bulk fluid resistance [(βu) -1 ], the fluid resistance [(k f ) -1 ] and the intra-particle diffusion resistance [(k i ) -1 ] in the form:
which simplifies to:
where β, k f , k i and k n are the external mass-transfer coefficient (cm -1 ), the fluid film mass-transfer coefficient (min -1 ), the intra-particle diffusivity (min -1 ) and the internal mass-transfer coefficient (min -1 ), respectively. From equation (22), it is seen that a plot of (k ν ) -1 versus (u) -1 [or (F) -1 ] should be linear, which is indeed the case (see Figure 5) . To obtain the equation of this line, the data depicted in Figure 5 were fitted. The result was: (k ν ) -1 = (1.01)(F) -1 + 0.0027
The last term in equation (23) is (k n ) -1 and has nearly the same value as that found by Guo and Lua (2002) for SO 2 at a concentration of 2000 ppm (0.00258). For SO 2 at a concentration of 1000 ppm, a value of 0.00408 was reported for (k n ) -1 . Thus, it may be concluded that the internal mass-transfer coefficient for SO 2 is similar to that for xenon. 
CONCLUSIONS
A method of calculating k ν , which is used in the Wheeler-Jonas (WJ) equation, was presented for xenon adsorption onto granulated activated carbon (GAC). The physical interpretation of the quantities A and B in the WJ equation was discussed and clarified. Furthermore, it was found that (k ν ) -1 , A and/or B are linearly related. Depending on the value of the correlation coefficient for the fitted lines, the relationship between k ν and F for xenon adsorption onto GAC may take one of the following forms: (1) (k ν ) -1 ∝ (F) -1 , (2) ln(k ν ) ∝ ln(F), (3) k ν ∝ F or (4) ln(k ν ) ∝ F. Once these relationships are clarified, the WJ equation should be easier to understand and hence the prediction of the breakthrough behaviour of packed bed adsorbents should be simpler.
NOMENCLATURE
A intercept in the WJ equation (min) B slope of the WJ equation (min) B P predicted result for B C 0 equilibrium concentration of inlet gas (ppm) C x exit concentration of gas (ppm) F volumetric flow rate of inlet gas (mᐉ/min) k ν average overall rate constant (min -1 ) S cross-sectional area of the bed (cm 2 ) t 0.05 breakthrough time (the time when the outlet concentration is 5% of the inlet concentration) (min) t 0.50 equilibrium time (the time when the outlet concentration is 50% of the inlet concentration) (min) t 0.95 saturation time (the time when the outlet concentration is 95% of the inlet concentration) (min) t x elapsed time (min) u superficial linear velocity (u = F/Sε) (cm/min) V volume of packed bed (cm 3 ) W weight of granulated activated carbon in packed column (g) q gravimetric capacity or dynamic adsorption capacity, amount adsorbed (mᐉ/g) X constant, ratio of A and B Y ratio between the predicted and experimental results ε total porosity of GAC (-) ρ B density of the packed bed (g/mᐉ)
